Driving a two-dimensional superconductor normal by applying a high magnetic field may lead to Cooper pair localization. In this case, there should be a quantum critical point associated with specific scaling laws. Such a transition has been evidenced in a number of low critical temperature superconducting thin films and has been suggested to occur also in high temperature cuprate superconductors. Here we show experimental evidence for two distinct quantum critical regimes (QCP) when applying perpendicular magnetic fields to underdoped La 2−x Sr x CuO 4 thin films. At intermediate values of the magnetic field (∼ 18T − 20T ) , a "ghost" QCP is observed, for which the values of the related critical exponents point towards a fermionic -as opposed to bosonic-scenario.
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I. ARTICLE
When a superconductor is driven to an insulating state by applying a magnetic field or increasing disorder, two different scenarios are possible. Conventionally, the Cooper pairs are first destroyed and then localized, which corresponds to a "fermionic" mechanism. But Ma and Lee [1] were the first to suggest that the Cooper pairs might instead directly localize, leading to a "boson" localization mechanism.
For the latter scenario, one of the models which is proposed for 2D systems is based on the duality between vortices and Cooper pairs and leads to the formation of a Bose insulator for a resistance per square exactly equal to the quantum of resistance R C = h/4e 2 [2, 3] , which corresponds to the existence of a quantum critical point (QCP) associated to a correlation length exponent ν > 1. The underlying microscopic mechanism may be the competition between Josephson coupling and Coulomb repulsion between superconducting domains, leading to localization of pairs [4, 5] . For the "fermionic" scenario, a mechanism studied by Finkelstein and collaborators [6] is that enhanced Coulomb repulsion decreases pairing and therefore the critical temperature T C . Finally a third alternative has been proposed by Feigelman and coworkers [7] and further developed by Spivak and coworkers [8] and applies to systems where the normal state is a dirty normal conductor.
Since high-T C cuprate superconductors are known to be intrinsically lamellar, it has been proposed [9] that a bosonic superconductor/insulator transition is at play in such systems.
Here we show, after systematic investigation of the resistance versus temperature under high pulsed magnetic fields in a large variety of La 2−x Sr x CuO 4 thin films of different Sr concentrations, that the superconducting transition in an underdoped high T C superconductor reveals the existence of two quantum critical points.
The fluctuations associated to the first QCP are observable in a limited range of temperature and give way at low temperature to a second QCP with much higher critical magnetic field. The critical exponents associated to this first "ghost" QCP yields a value of ν not compatible with Boson localization theory, and H C is found to scale with T C with 1T = 1K.
We propose two different scenarios to explain this double criticality. The first scenario is based on a 2D/3D temperature crossover. The second scenario is based on the proposal by Feigelman and Spivak [7] [8] of superconducting puddles coupled to each others through Josephson weak links, and questions the truly insulating character of the normal state of these systems.
Surprisingly enough, such multiple criticality has recently been observed in 2D electron gas systems at the surface of SrT iO 3 [10] . We anticipate that this finding will stimulate further interest in the study of normal/superconducting phase transitions in 2D systems and will help clarifying the intrinsic versus extrinsic character of inhomogeneities in those systems.
Evidence has been found of boson localization in granular films of In/InOx by varying the composition [11] or the magnetic field [12] , but also in homogeneous ultrathin films of Bi and Pb [13] by varying the layer thickness (which is equivalent as varying the disorder) and in MoGe [14] . On the contrary, there are evidences of absence of boson localization in amorphous InOx films [15] . In a number of experiments, the findings are consistent with the boson localization approach but the critical exponents are close to the one expected for a classical (2+1)D xy model in the absence of disorder, for example in Bi [16] and NbSi [17] . In disordered amorphous thin films, a metallic state is observed just above the superconducting transition [18] . For a classification of the experimental results with normal state conductivity see [19] .
As far as high T C cuprates are concerned, the disorder-tuned transition had originally been studied by Wang and coworkers [20] and under magnetic field in YBa 2 Cu 3 O 6.38 by Seidler et al. [21] . Recently Bollinger and coworkers [22] and 50 kHz) was along the ab-plane (I // ab). The reported data were obtained on these epitaxial films (of thickness t ≃100 nm), patterned in strips of 1000 x 500 µm, using four probe measurements.
At maximal field (between 49 T and 57 T according to the different experiments), the low temperature resistance of the underdoped samples versus temperature varies as Ln(1/T ) as was reported previously [24, 25] . This is consistent with the conductivity of a Bose metal predicted by [26] . It is noteworthy that for the underdoped samples that are not superconducting at zero magnetic field (i.e. x < 0.06), the resistance versus temperature at zero magnetic field exhibits a Shklovskii-Efros localization law
instead of a Ln(1/T ). (See the data in Weckuysen et al. [27] ). This may be an indication that ρ = ρ 0 Ln(1/T ), whatever its physical origin, probably related to granular metallicity, is the strongest "insulating" behavior allowing superconductivity to develop [35] . In any case, in absence of a theory for the Ln(T ) behavior of the "normal state", it is questionable to assert that the normal state is insulating even though dR/dT < 0. Actually the normal state resistance of our samples is found to be of the order of h/4e 2 at the transition point (See Figure 1 ).
On overdoped samples (x > 0.2) the R(H) curves measured in perpendicular magnetic
field show no crossing point since no upturn of the resistance versus temperature is present down to 4K for fields as high as 50 T. For this range of doping levels the system is seen metallic in our range of measurements. We shall now focus on the underdoped and optimally doped samples.
In previous work from Ando and coworkers [24] , a negative magnetoresistance (MR)
is shown at high magnetic field. This was argued to plead in favor of the presence of a Bose insulator by [9] . We did not observe such behaviour here in samples with similar Sr concentrations and in the same field range [36] . However, by contrast to the overdoped case, on every underdoped and optimally doped sample, at least one fixed crossing point in the R(H) data was observed within a finite range of temperatures for H = H C (x). (This crossing point was seen in a range of temperatures where the data in ref [24] are not shown.)
This leads to a plateau in the R versus T curves when the magnetic field is equal to H C .
In As may be seen from both Figures 1 and 2 b, there is a great discrepancy between the data for x < 0.125 and x ≥ 0.125. H C increases with doping and scales with T C with 1K=1T for x < 0.125, then decreases abruptly at x = 0.125 and then increases again. Although for all x < 0.125 the plateau develops at temperatures well below the superconductivity onset temperature at zero field, on the contrary for x ≥ 0.125 it is only present at temperatures above the foot of the transition at H=0T. Besides, for x < 0.125 the resistance at the plateau is higher than the minimum of the full field resistivity curve and for x ≥ 0.125 it is slightly lower. Moreover, for samples with x≥ 0.125, our attempt to obtain scaling of the data around the apparent crossing point -as will be described in the following paragraph, revealed to be unsuccessful. These four observations point towards different explanations for the existence of the plateaus for x lower or greater than 1/8. Above this value, the apparent plateau is more likely to be related to the residual resistivity of the film. For the following, we will focus on the plateau observable for x < 0.125.
The inset of Figure 3a shows typical R(H) data curves for one of the samples whose Sr content is x=0.09 (LSCO 0.09a ); a fixed point is observed for temperatures between 9 K and 26 K for R C = 6.6kΩ, H f = 17 T . The resistance per square of CuO plane versus temperature values are plotted in Fig. 3a for sample LSCO0.09a. A plateau corresponding to the fixed point is clearly visible for H=17 T, for a square resistance of about h/4e 2 .
However a departure from the plateau at low temperature is also visible. This figure is typical of what was observed in all the samples with x ranging from 0.06 to 0.1. The fact that the square resistance at the plateau R C is almost equal to h/4e 2 in sample LSCO0.09a
is rather fortuitous since R C is indeed found to vary with doping, as may be seen in Fig. 1 .
Scaling analysis was performed at the vicinity of the fixed point. Figure 3b shows the scaling of the same curves for sample LSCO 0.009a , as R/R C = f (|H − H C |T −1/νz ) with νz = 0.46 ± 0.1. The scaling exponent νz is found to vary from 0.45±0.1 to 0.63 ± 0.1 for the four different samples on which scaling was possible (x=0.08,0.09a, 0.09b and 0.1).
It is therefore possible to infer the values of ν, assuming z=1. They are much lower than the exponent predicted in the framework of a dirty boson picture (ν > 1), or for classical percolation (ν = 4/3) and than the exponent observed for the electrical field driven transition [22] (νz = 3/2). These values are lower -but still in rough agreement, with the exponent predicted for a (2D+1) quantum xy model (νz=2/3) and found for example in amorphous
Bi [28] , or NbSi compounds [17] . In any case these exponents are not compatible with a bosonic mechanism for the transition for which ν > 1.
As a further test, we performed the same measurements on sample LSCO 0.09a /STO (x = 0.09) with the magnetic field applied along the planes, and by contrast to the perpendicular case, the R(H) curves do no longer show a crossing point in our range of measurement, which indicates that the transition is governed by a different mechanism in this case, and that the vortices are indeed relevant in the perpendicular case.
In order to better explore the low temperature behaviour, we measured sample LSCO 0.09b / LSAO x = 0.09 (grown by PLD at IIT Kanpur on LSAO substrate) in the LNCMI high field facility from room temperature down to 1.5 K. (Due to compressive strain, samples grown on LSAO substrates are known to have higher critical temperatures and lower normal state resistivities as compared to films grown on STO substrates, which is consistent with our findings.) The above-described plateau was observed for about 19 T and the corresponding square resistance was found to be around 5.8 kΩ. The measurements carried out down to 1.5 K at H C ≃19 T show that the system is indeed superconducting at T≤ 2 K (See figure 4 a). These measurements also indicate that a low temperature insulator/superconductor transition takes place for H ≃ 37 T (about 2H C ) and R ≃ 11000 Ω (about 2R C ) at low temperature. The inset of Figure 4 a depicts the evolution of the magnetic field corresponding to the crossing point of two consecutive R(H) measurements as a function of the lowest of the two temperatures. It clearly shows the occurrence of two accumulation points at high and low temperature respectively. The second QCP is associated to a scaling law yielding critical exponents of about νz ≃ 1.0 ± 0.1, i.e. about twice the exponents observed for QCP1, as can be seen in Figure 3 b, therefore not discarding a bosonic scenario.
In most of the data reported in the literature, the resistance plateau is observed down to the lowest measurable temperature, presumably existing at zero temperature. Our measurements evidence on the contrary the presence of two distinct QCP each of them being characterized by different critical exponents [37] . We suggest two different explanations for this observation.
1) In contradiction to the monolayer studied by Bollinger and coworkers, our systems are not instrinsically 2D but rather lamellar and this raises the possibility of a 2D-3D crossover.
As long as the c-axis coherence length is smaller than the interlayer spacing (between the CuO 2 planes) then the system behaves like a 2D system in the Lawrence-Doniach sense [29] , but in a quantum way. It may then be governed by a "ghost" 2D quantum critical point (QCP1) with critical exponents of a classical (2+1)D model. However, when the temperature is decreased towards T 2D C = 0 while cooling down exactly at H C (x), at some point the coherence length gets larger than the interlayer spacing, the system recovers classical 3D behaviour and the 2D QCP becomes irrelevant. Then the 3D transition takes place at much higher field (about 2H C ) and much higher square resistance (about 2R C for sample LSCO 0.09b ) and a second QCP (QCP2) is observed whose exponents should correspond to a (3+1)d xy model.
2) The second interpretation is based on the model proposed by Feigel'man [7] and Spivak [8] and has been recently applied to the 2D electron gas created at perovskite interfaces [10] . In this model, superconducting puddles of size d are coupled to each others through
Josephson weak links of lengths b, but the essential difference is that, due to quantum fluctuations, the superconductivity inside the puddles is unstable at T = 0 for a critical value of the conductance of the normal conductor less than g c ≃ 0.1ln 2 (b/d). In our case, the crossover between the two QCP is governed by the dephasing length as defined by [30] which varies as L φ ∼ T −1/z . At high temperature this length is smaller than the typical size d of a superconducting puddle. The puddles are therefore decoupled and the system inside a given puddle thus behaves like a (2+1)D xy model in the clean limit (according to
Harris criteria [31] ) with a critical exponent close to νz = 2/3. The observed critical field scales with T C . At lower temperature, L φ ≫ d ; the puddles are coupled and the system is inhomogeneous. Remarkably enough, the overall critical field of this inhomogeneous system is predicted to be higher than the critical field of one superconducting puddle, which is consistent with our observations. The transition is then governed by a critical exponent ν ≥ 1, corresponding to a dirty limit for the fluctuations [31] . This mechanism thus implies that the normal state in our systems is a dirty conductor rather than an insulator, which is consistent with the low temperature behaviour of the resistivity R ∼ Ln(T ). Theory predicts that the resistance of a two-dimensional electron gas at zero temperature should be either zero or infinite [1] [32] excluding any intermediate metallic behavior. However, due to the finite volume of the samples, the effects of localization at T > 0 are almost unobservable [8] , therefore even for a thin film (and even more so for a lamellar compound), this dirty conductor scenario should not be disregarded.
As a conclusion, we have investigated the magnetic field driven superconductive transition in eleven samples of La 2−x Sr x CuO 4 thin films with various Sr content x, under high pulsed magnetic field. Our results indicate the presence of a "ghost" QCP for every underdoped superconducting sample with 0.06 ≤ x ≤ 0.1, associated with critical exponent νz ≃ 0.5 − 0.6, therefore not compatible with boson localization. The critical field is found to scale with the T C with 1T ≃ 1K. A second QCP is observed at lower temperature and higher magnetic field with νz ≃ 1. Two possible explanations are proposed based either on the existence of a 2D/3D crossover due to the lamellar nature of the system or to a clean/dirty crossover with two QCP as described by [7, 8] . In any case, all the observations are consistent with a fermionic mechanism for the transition at the "ghost" QCP and the presence of an extended dirty metallic state is not ruled out. We think that this system constitutes an example of electronically textured material, the superconducting domains being controlled by a phase coherence length. Remarkably enough our findings are similar to recent observations in 2D electron gas at interfaces [10] . We believe that our findings will stimulate further interest in the field of inhomogeneous superconductivity and phase transitions associated with multiple criticality.
II. METHODS:
The typically 100nm-thick La 2−x Sr x CuO 4 films were prepared either by DC magnetron sputtering on SrTiO 4 (STO) substrates at KU Leuven excepted one of them (LSCO 0.09b ) that was deposited by pulsed laser deposition at IIT Kanpur on LaSrAlO 4 (LSAO). The quality of the films was checked by XRD which showed good epitaxial growth, absence of impurity phases, with rocking curves exhibiting peaks of FWHM equal to about 0.3 degrees.
The critical temperatures T C were determined as the transition mid-point temperature obtained by measuring the resistance under zero magnetic field. The measured values are fully consistent with previously reported measurements on thin films with same composition on STO [33] . Optimal T C is usually found equal to 20K for samples of 40-60 nm and equal to 27 K for samples of 200 nm. Our samples are typically 100 nm thick with area 5 × 5mm 2 and the optimal Tc is about 25K so consistent with the data shown in Fig.4 in [33] . For the sample grown at IIT Kanpur, the T C is somewhat higher, as expected for LSAO substrates and consistent with the findings in [34] .
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